Introduction
Post-translational regulation of gene expression by small RNAs is one of the most important discoveries in the history of cell biology. This discovery was first noted by scientists who observed that exogenous gene sequences introduced into petunias could 'silence' genes with similar gene sequences that were endogenous to the petunia (Napoli et al, 1990) . This gene-silencing phenomenon was then observed in Ceanorhadbitis elegans by Andrew Fire and Rob Mello, who discovered its underlying mechanism, which they termed 'RNA interference' (RNAi) (Fire et al, 1998) . They proposed that RNAi is a cellular immune response to infection by double-stranded RNA (dsRNA) carried by viruses. Eukaryotic cells see exogenous dsRNA as foreign; thus infected cells process the dsRNA into short interfering RNAs (siRNAs) which bind to and cause the degradation of matching endogenous messenger RNA (mRNA) sequences (RNAi), preventing the synthesis of proteins necessary for viral replication. Fire and Mello were awarded the Nobel Prize in Physiology or Medicine in 2006 for their discovery of RNAi.
Studies in C. elegans suggested that an endogenous small RNA (lin-4) could regulate translation of lin-14, a protein required for postembryonic development, through an RNA-RNA interaction within the 3 0 -untranslated region (3 0 -UTR) of lin-14 (Lee et al, 1993) . Subsequent studies supported the hypothesis that endogenous small RNAs could regulate mRNA translation, and the term 'microRNA' was introduced in a series of articles in Science (Lagos-Quintana et al, 2001; Lau et al, 2001; Lee and Ambros, 2001) . The microRNAs are members of a new family of small RNAs that are encoded by the genome, but their sequence is not translated into a protein (i.e., noncoding RNA). New members of the noncoding RNA family continue to be discovered, including the Piwi-interacting RNAs (Aravin et al, 2007) and the endogenous siRNAs (Lee et al, 2006) , which silence transposable elements and protect the germ line from mutations (for reviews see Okamura and Lai, 2008; Werner and Sayer, 2009 ). The rapid pace of small RNA science is evidenced by the number of microRNAs in the most recent miRBase Sequence Database, Release 15, which contains 14,197 entries representing precursor microRNAs expressing 15,632 mature microRNA products in 133 species (Griffiths-Jones et al, 2008) . A web resource for classified and clustered Piwi-interacting RNAs, piRNABank, underscores the large number of these RNAs that have already been discovered (Sai Lakshmi and Agrawal, 2008) . Thus, as the number of distinct families of noncoding RNAs has now grown to over two dozen, the importance of these small RNAs on the regulation and/or modification of other RNAs, DNA, or proteins cannot be overstated (Burian, 2007) .
MicroRNA Biogenesis
Recent reviews provide in-depth discussions of the biogenesis of microRNAs transcribed from genes (Chua et al, 2009; Davis and Hata, 2009; Winter et al, 2009) , endogenous siRNAs that arise from bidirectional transcription of transposons, and exogenous siRNAs that arise from infection by dsRNA virus or experimental manipulations (Ghildiyal and Zamore, 2009; Okamura and Lai, 2008; Pontes and Pikaard, 2008) . Figure 1 depicts the processing steps for microRNAs, endogenous siRNAs, and exogenous siRNAs. MicroRNA genes produce primary micro-RNA transcripts containing at least one B70 nucleotide hairpin loop. Further cleavage produces a precursor transcript that is transported into the cytoplasm by Exportin 5. Dicer then cleaves the RNA into an imperfect duplex of 20 to 25 nucleotides representing the mature microRNA and its complementary microRNA* strand. One strand of the duplex is degraded; in some cases, mature micro-RNAs are produced from both strands and designated as miR-X/miR-X* with the asterisk indicating the less predominantly expressed transcript. The mature microRNA bound to Dicer then binds to Argonaute (Ago) proteins to form RNA-induced silencing complexes (RISCs) (Morris, 2008; Tang, 2005; van den Berg et al, 2008) . Parallel pathways form siRNAs from endogenous or exogenous dsRNAs, but use distinct isoforms of Dicer and Ago proteins.
MicroRNA Regulation of Messenger RNA Targets
MicroRNAs in RISCs predominantly form Watson-Crick base pairs with sequences within the 3 0 -UTR of their mRNA targets (Bartel, 2004; Chan and Slack, 2006; Jackson and Standart, 2007; Pillai et al, 2007) . The primary specificity determinant for mRNA target selection is a limited region of sequences within the microRNA, known as the 'seed' (Ghildiyal and Zamore, 2009) . However, interactions between proteins bound to microRNAs or their mRNA targets can also influence target selection (Forman and Coller, 2010) . MicroRNAs primarily regulate posttranscriptional gene expression by translational repression or degradation of mRNA targets (Ambros, 2004; Bartel, 2004; Chen and Meister, 2005; Gebauer and Hentze, 2004; Pillai et al, 2007) , but microRNAs have also been shown to activate translation during cell cycle arrest (Steitz and Vasudevan, 2009; Vasudevan and Steitz, 2007; Vasudevan et al, 2008) .
Initiation of translation requires a direct interaction between eukaryotic initiation factor 4E and a 7-methylguanosine sequence on mature mRNAs (Gebauer and Hentze, 2004; Merrick, 2004; Richter and Sonenberg, 2005) . When microRNAs are bound to the mRNA 3 0 -UTR, Ago proteins in the RISC interact with the 7-methylguanosine cap of the mRNA, which blocks eukaryotic initiation factor 4E binding to the mRNA and initiation of translation (Kiriakidou et al, 2007) . This is the earliest event known to be regulated by microRNAs, but further mRNA degradation may serve to strengthen mRNA silencing (Mathonnet et al, 2007) . Studies on miR-124 mRNA targets support that (1) microRNAs reduce both translation and abundance of mRNA targets, (2) translation is blocked at initiation or ribosomes preferentially drop off near the translation start site, and (3) regulation of translation and mRNA decay are correlated (Hendrickson et al, 2009 ). Thus, most mRNAs are not differentially targeted for either translational repression or mRNA decay.
MicroRNA function is not dependent on binding to one particular region of the mRNA, as studies show that association of a microRNA-ribonucleoprotein at any position on a target mRNA (3 0 -or 5 0 -UTR) is mechanistically sufficient to repress translation at some step downstream of initiation (Lytle et al, 2007) . This finding is consistent with microRNA binding to sequences in the 5 0 -UTR of receptorinteracting protein 140 (Tsai et al, 2009) , and with multiple independent studies showing that micro-RNAs target sequences in mRNA coding regions, although the effects are weaker than for sites in the 3 0 -UTR (Forman and Coller, 2010) .
Once microRNAs and their associated RISCs are bound to an mRNA target, the whole complex can be sequestered into processing bodies (Pillai et al, 2005 Sheth and Parker, 2003) . This action involves phosphorylation of Ago2 in the RISCs by p38 mitogen-activated protein kinase (Zeng et al, 2008) . When a subsequent cellular stress releases the RISCbound mRNAs from processing bodies, the freed mRNAs are recruited to ribosomes and translation can ensue (Bhattacharyya et al, 2006) . Sequestration of RISC-bound mRNAs in processing bodies also occurs in synapses (Konecna et al, 2009 ), suggesting that this mechanism is an important regulator of mRNA translation in response to synaptic activity.
MicroRNA Target Prediction
The first open-source software for target prediction, miRanda 2005, revealed that overrepresented groups of microRNA targets include mRNAs for transcription factors, components of the microRNA machinery, and other proteins involved in translational regulation (John et al, 2004) . In contrast, a large number of genes for proteins involved in basic cellular processes have very short 3 0 -UTRs and are specifically depleted of microRNA-binding sites (Stark et al, 2005) . Vertebrate microRNAs target B200 mRNA transcripts each (Krek et al, 2005) , but the number of predicted targets per microRNA can vary from a few to > 800 transcripts. A recent extensive review discusses the main aspects of computational algorithms for microRNA gene finding, microRNA target prediction, and regulation of microRNA genes, and provides online resources for target prediction programs (Li et al, 2010) . MiRanda 2005 and 2008 (Betel et al, 2008; John et al, 2004) , and PicTar (Krek et al, 2005) , allow combinatorial analysis of microRNAs for common targets, which is important because mRNAs targeted by multiple microRNAs show enhanced translational repression (Doench and Sharp, 2004) .
Currently, the first order approach to target prediction utilizes sequence alignments between the seed region of the microRNA and sequences within the mRNA target. However, specificity can be increased by analyzing the evolutionary conservation and structural accessibility of mRNA binding sites, as well as the nucleotide composition or location of binding sites within the mRNA 3 0 -UTR (Alexiou et al, 2009 ). Databases of targets with experimental validation include Tarbase (Sethupathy et al, 2006) , Ago (Shahi et al, 2006) , and miRNAMAP (Hsu et al, 2006 (Hsu et al, , 2008 . At the present time, there is no universal standard for establishing a causal relationship between microRNAs and predicted mRNA targets, such as Koch's postulates for the relationship between a microbe and a disease. However, Kuhn et al (2008) proposed that four criteria should be met before microRNA target validation is considered confirmed: (1) the micro-RNA/mRNA interaction must be experimentally Ago2 Ago2 Figure 1 Biogenesis of microRNAs, endogenous short interfering RNAs (siRNAs), and exogenous siRNAs. Endogenous microRNAs are transcribed from nuclear genes into primary microRNA transcripts containing an B70 nucleotide hairpin loop structure, which are cleaved into precursor microRNA transcripts. The nuclear protein, Exportin 5, transports precursor microRNAs into the cytoplasm, where it is cleaved by Dicer to an imperfect miR-X:miR-X* duplex of B20 to 25 nucleotides. One strand of the duplex is degraded, and the remaining, mature microRNA binds to Dicer and Argonaute (Ago) proteins to form RNA-induced silencing complexes (RISCs). MicroRNAs target sequences within cellular messenger RNAs (mRNAs) causing repression of translation initiation and subsequent degradation of some mRNAs. Parallel processes in the cytoplasm produce siRNAs derived from endogenous transposons, which can target repetitive elements and cellular mRNAs, or from exogenous siRNAs that target viral mRNAs.
verified, (2) the microRNA and mRNA target must be coexpressed, (3) a given microRNA must have a predictable effect on target protein expression, and (4) microRNA-mediated regulation of target gene expression should equate to altered biological function (Kuhn et al, 2008) . Thus, rapid and continued evolution of prediction tools and criteria for experimental validation are essential to establish the functional effects of microRNAs on their mRNA targets.
MicroRNA Expression and Functions in the Brain
MicroRNAs serve important roles in development and function in the brain (Bicker and Schratt, 2008; Schratt, 2009; Fiore et al, 2008; Zeng, 2009 ). Studies support that tissuespecific microRNAs serve to establish and maintain protein expression profiles underlying distinct cellular phenotypes. The discovery of seven brainspecific microRNAs (miR-9, miR-124a, miR-124b, miR-135, miR-153, miR-183, and miR-219) in mouse and human differentiating neurons implicated these microRNAs as effectors in mammalian neuronal processes (Sempere et al, 2004) . Further studies showed that expression levels of the brain-specific miR-124 are > 100 times higher in mouse CNS than in other organs, whereas levels of muscle-specific miR-1 are 100 to 1000 times lower in mouse CNS than in heart and skeletal muscle (Mishima et al, 2007) . Transfection of brain-specific miR-124 into HeLa cells shifted the expression profile toward that of brain, whereas transfection of the heart and skeletal muscle-specific miR-1 into HeLa cells shifted the expression profile toward that of muscle (Lim et al, 2005) . In addition, microarray studies of miR-124-and miR-1-transfected cells revealed reduced levels of many mRNA targets, not just their protein correlates, suggesting that miR-1 and miR-124 downregulate many of their mRNA targets.
Studies also support that anatomically specific microRNAs serve to establish and maintain protein expression profiles underlying cellular phenotypes in distinct neuroanatomical regions. For example, the expression of miR-92b, miR-146b, let-7g, miR-551b, miR-330*, and miR-384 is significantly higher in rat hippocampus than in cortex (He et al, 2007) . In adult mice, expression of 44 microRNAs is enriched > 3-fold in spinal cord, cerebellum, medulla oblongata, pons, hypothalamus, hippocampus, neocortex, olfactory bulb, eye, and pituitary gland (Bak et al, 2008) . Analysis of microRNAs in rat amygdala, cerebellum, hippocampus, hypothalamus, and substantia nigra revealed 48 microRNAs with > 3-fold enrichment between two or more brain regions, and reciprocal expression between microRNAs in the cerebellum and forebrain regions, suggesting area-specific functions for these brain microRNAs (Olsen et al, 2009) . Specific development expression of miR-449 is important in the choroid plexus, the area on the brain ventricles where cerebrospinal fluid is produced, as miR-449 targets the transcription factor E2f5 which regulates cerebrospinal fluid production (Redshaw et al, 2009 ). Two of the most highly expressed microRNAs in adult brain, miR-124 and miR-128, are preferentially expressed in neurons, in contrast to miR-23 expression that is restricted to astrocytes, or miR-26 and miR-29 that are more strongly expressed in astrocytes than neurons (Smirnova et al, 2005) . It should be noted that nearly half of all microRNA genes are located within introns, or noncoding regions, of their host genes, and intronic microRNAs can silence genes that are functionally antagonistic to the host gene to ensure expression of the host gene. For example, the apoptosis-associated tyrosine kinase gene is essential for neuronal differentiation. However, transcription of the apoptosis-associated tyrosine kinase gene also generates miR-338 from an apoptosis-associated tyrosine kinase intron, which in turn silences genes that negatively regulate neuronal differentiation (Barik, 2008) .
Functions of Brain-Specific MicroRNAs
The transcriptional repressor, RE1-silencing transcription factor (REST), inhibits the expression of neuronal genes in nonneuronal cells (Chong et al, 1995; Schoenherr and Anderson, 1995) , whereas the brainspecific miR-124a promotes a neuronal-like phenotype by decreasing the levels of hundreds of nonneuronal transcripts (Lim et al, 2005) . REST inhibits miR-124a expression, which allows the translation of hundreds of nonneuronal transcripts, but REST is absent in mature neurons, which allows the derepression of neuronal genes, including miR-124a, and a resultant neuronal phenotype (Conaco et al, 2006) .
Like REST, the small C-terminal domain phosphatase 1 is an antineural factor expressed in nonneuronal tissues, and as a target of miR-124, suppression of small C-terminal domain phosphatase 1 is critical for inducing neurogenesis during CNS development (Visvanathan et al, 2007) . In the mouse subventricular zone, miR-124 repression of the SRY-box transcription factor Sox9 allows progression of the subventricular zone stem cell lineage to neurons (Cheng et al, 2009) . miR-124 also represses polypyrimidine tract binding protein 1, which leads to increased expression of polypyrimidine tract binding protein 2 and correct alternative mRNA splicing that is necessary for the transition from a nonneuronal to neuronal phenotype (Makeyev et al, 2007) . These studies support that miR-124 specifically targets hundreds of mRNAs for proteins that define nonneuronal phenotypes and that repression and/or degradation of 'lingering' mRNAs by miR-124 allows the transition from nonneuronal to neuronal phenotypes during development.
Studies show that microRNAs localized to dendrites serve to regulate dendritic spine structure and size by actions on distinct mRNA targets, supporting a role for microRNAs in translational control that is necessary for synaptic plasticity and memory (Costa-Mattioli et al, 2009) . For example, miR-132 expression induced neurite outgrowth in cortical neurons (Vo et al, 2005) and enhanced dendrite morphogenesis in hippocampal neurons through repressed expression of the GTPase-activating protein, p250 GAP (Wayman et al, 2008) . In addition, miR-134 localized to the synapto-dendritic compartment of rat hippocampal neurons negatively regulates the size of dendritic spines by inhibiting translation of LIM domain kinase 1 (Limk1), which controls spine development (Schratt et al, 2006) . Exposure of neurons to brain-derived neurotrophic factor relieved the inhibition of translation by miR-134, suggesting a mechanism for neurotrophic control of dendritic spine plasticity (Schratt et al, 2006) . Further, miR-138 localized in dendrites negatively regulates the size of dendritic spines, whereas inhibition of miR-138 enlarges dendritic spines, and miR-138 targets include acyl protein thioesterase 1, which regulates palmitoylation and membrane localization of synaptic proteins (Siegel et al, 2009) .
Most neuronal microRNAs are detected in dendrites and distributed through the somatodendritic compartment across a nearly constant gradient (Kye et al, 2007) . However, a subset of mouse forebrain microRNAs are significantly enriched or depleted in synaptoneurosomes (Smalheiser, 2008) . These synaptically enriched microRNAs show structurally distinct precursor microRNA features, which may allow differential binding to proteins that mediate dendritic transport, or prevent premature processing into mature microRNAs during transport (Smalheiser, 2008) . Precursor microRNAs are predominantly asso-ciated with postsynaptic densities, whereas mature microRNAs are predominantly associated with soluble components of synaptic fractions. The significant correlation between synaptic enrichment of precursor and mature microRNAs suggests that they are likely processed within dendritic spines (Lugli et al, 2008) . Dicer is preferentially expressed in the Golgi-reticulum area in differentiated neurons and glia (Barbato et al, 2007) , and neuronal-mediated calcium influxes in mouse forebrain neurons activate proteases such as calpain, which liberates Dicer from the postsynaptic density (Lugli et al, 2005 (Lugli et al, , 2008 . These studies support a model where synaptic stimulation and increased calcium within dendritic spines activates calpain, resulting in release of Dicer from the postsynaptic density and processing of local precursor microRNAs into mature microRNAs, which are then incorporated into RISCs that bind to mRNA targets in the vicinity (Smalheiser and Lugli, 2009 ).
MicroRNAs in Synaptic Plasticity
Persistent changes in synaptic strength that lead to learning and memory require both protein synthesis and protein degradation. However, recent studies on local translational regulatory mechanisms provide a model to explain these paradoxical requirements (Banerjee et al, 2009) . As depicted in Figure 2 lysophospholipase1 (Lypla1) could then selectively enter the polysome compartment where initiation of translation ensued. The Lypla1 mRNA was associated with brain-enriched miR-138, while the activity-dependent translation of Lypla1 and a-CaMKII was driven by their 3 0 -UTR sequences, and was MOV10 and proteasome dependent (Banerjee et al, 2009) .
Further studies show that synaptic activity regulates the expression of distinct microRNAs that serve as effectors in neuronal responses to stimuli which lead to synaptic plasticity. For example, expression studies revealed that several hippocampal microRNAs are altered by chemical induction of long-term potentiation and by metabotropic glutamate receptor-dependent long-term depression (Park and Tang, 2009 ). The majority of altered microRNAs followed a similar temporal expression profile, while some displayed distinct expression profiles. The discovery of microRNAs upregulated at specific times after long-term potentiation and long-term depression suggests that synaptic activation can elicit microRNA-mediated suppression of mRNA translation to prevent excess protein synthesis during the expression of synaptic plasticity (Park and Tang, 2009 ). In Aplysia californica, miR-124 is exclusively expressed in a presynaptic sensorymotor synapse and restricts serotonin-induced synaptic facilitation by regulating CREB, revealing a role for miR-124 in long-term synaptic plasticity in mature neurons (Rajasethupathy et al, 2009 ). In rodent cells, nicotine-induced expression of miR-140* repressed translation of dynamin 1, which is essential for synaptic endocytosis in the CNS, and thus miR-140* is likely important for neural plasticity in nicotine addiction (Huang and Li, 2009 ).
MicroRNAs in Brain Injury and Neuroprotection

MicroRNAs in Brain Ischemia
Brain ischemia is one of the most common causes of disability and death worldwide (Lloyd-Jones et al, 2009), and studies reveal a role for microRNAs in responses to ischemic insults. Transient focal ischemia in adult rat brain regulates the expression of microRNAs predicted to target proteins known to mediate inflammation, transcription, neuroprotection, receptor function, and ionic homeostasis in the brain (Dharap et al, 2009 ). The mRNA levels for proteins important to microRNA biogenesis pathways, including Drosha, Dicer, the cofactor Pasha, and the precursor microRNA transporter Exportin 5, were not altered after transient ischemia. However, transient ischemia repressed miR-145 expression, which resulted in increased translation of its mRNA target, superoxide dismutase-2, in postischemic adult rat brain (Dharap et al, 2009) . It is interesting to note that in silico studies revealed eight microRNAs induced by transient ischemia with complementarity to 877 gene promoters, suggesting that microRNAs also regulate gene expression (Dharap et al, 2009 ). There is also specific induction of miR-497 in mouse brain after transient ischemia, and in mouse N2A neuroblastoma (N2A) cells after oxygen-glucose deprivation (Yin et al, 2010) . Levels of miR-497 correlated with oxygen-glucose deprivation-induced effects on N2A cells: decreased miR-497 suppressed cell death, whereas increased miR-497 increased neuronal loss. As miR-497 directly binds to the 3 0 -UTR of Bcl-2/-w, the knockdown of cerebral miR-497 in mice enhanced Bcl-2/-w protein levels in the ischemic region, attenuated brain infarction, and improved neurological outcome after focal ischemia. These studies show that miR-497 promotes ischemic neuronal death by repressing expression of Bcl-2 and Bcl-w, supporting the role of apoptosis in the pathogenesis of ischemic brain injury (Yin et al, 2010) .
Studies also support the potential for microRNAs as novel biomarkers for vascular injury and diseases. Expression profiling of microRNAs in ischemic rat brains revealed significant changes in several micro-RNAs, and some of the microRNAs highly expressed in ischemic brain were detected in blood samples (Jeyaseelan et al, 2008) . Peripheral blood examined in ischemic stroke patients revealed differential expression of microRNAs implicated in endothelial cell and vascular function, erythropoiesis, angiogenesis, neural function, and hypoxia, and altered microRNAs were detectable even several months after the onset of stroke (Tan et al, 2009) . Rat models of ischemia, brain hemorrhage, and kainate-induced seizures also revealed regulated expression of micro-RNAs in hippocampus and blood in each treatment group, many of which changed > 1.5-fold in both tissues (Liu et al, 2010) .
Evidence also suggests that microRNAs serve as effectors in neointimal lesion formation, and in angiogenesis in normal and injured brain. The miR-17-92 cluster is highly expressed in human endothelial cells and miR-92a, a component of this cluster, targets several mRNAs for proangiogenic proteins (Bonauer et al, 2009 ). Overexpression of miR-92a in endothelial cells blocked angiogenesis, and systemic administration of a miR-92a antagomir led to enhanced blood vessel growth and functional recovery of damaged tissue in mouse models of limb ischemia and myocardial infarction (Bonauer et al, 2009) . In a similar vein, profiling of microRNAs in vascular walls after balloon injury revealed that miR-21 is overexpressed in injured vascular tissue, and that miR-21 depletion inhibited formation of neointimal lesions (Ji et al, 2007) . Depletion of miR-21 decreased cell proliferation and increased cell apoptosis, and targets of miR-21 include the phosphatase and tensin homolog protein (PTEN) and Bcl-2 (Ji et al, 2007) .
Platelets are crucial for the maintenance of hemostasis and contribute to thrombosis and vessel occlusion that underlies stroke and acute coronary syndromes. Although platelets are anucleate, they do contain mRNAs and are capable of protein synthesis (Weyrich et al, 2004) . Human platelets have been shown to contain microRNAs and Dicer in Ago2 protein complexes, as well as mRNA for the P2Y purinoceptor 12 that is involved in platelet aggregation, suggesting a role for microRNAs in this system (Landry et al, 2009) .
MicroRNAs in Traumatic Brain Injury
MicroRNA expression studies suggest a role for postinjury microRNAs in traumatic brain injury processes. In rat cortex and hippocampus, traumatic brain injury induced expression of several micro-RNAs and caused global upregulation of miR-21 after injury (Lei et al, 2009) . Similarly, in rat and mouse hippocampus, controlled cortical impact injury decreased expression of 50 microRNAs and increased expression of 35 microRNAs (Redell et al, 2009) . Predicted targets of validated microRNAs regulated by impact (miR-107, miR-130a, miR-223, miR-292-5p, miR-433-3p, miR-451, miR-541, and miR-711) include several proteins and pathways known to be initiated after injury, including signal transduction, transcriptional regulation, proliferation, and differentiation (Redell et al, 2009 ). Traumatic spinal cord injury also alters the expression of microRNAs in adult rats, and predicted targets for the spinal cord injury-regulated microRNAs include proteins involved in inflammation, oxidation, and apoptosis that are known to underlie pathogenesis of spinal cord injury (Liu et al, 2009a) . Given that mechanical forces are important considerations in traumatic brain injury and spinal cord injury, it is significant that mechanical shear stresses modulate vascular homeostasis through microRNA regulation of targets (Weber et al, 2010) . Human endothelial cells subjected to unidirectional shear stress increased expression of 13 microRNAs, with the greatest change observed for miR-21, which targets PTEN. Subsequent studies in human vascular endothelial cells exposed to shear stress or transfected with miR-21 showed downregulation of PTEN, whereas cells overexpressing miR-21 had decreased apoptosis, increased phosphorylation of endothelial nitric oxide synthase, and nitric oxide production (Weber et al, 2010) . Together, these findings show that shear stress can regulate microRNA expression in endothelial cells, and suggests potential roles for microRNAs in mechanotransduction and injury response.
MicroRNAs in Ischemic Tolerance
Ischemic tolerance is the response to a short duration of ischemia (preconditioning), which protects cells against a subsequent injurious duration of ischemia (Dirnagl et al, 2009 (Dirnagl et al, , 2003 Liu et al, 2009b; Stenzel-Poore et al, 2007) . Preconditioning-induced tolerance is known to require new protein synthesis (Barone et al, 1998) and exhibits a transient repression of gene expression (Stenzel-Poore et al, 2003) . Studies to examine a role for microRNAs as regulators of new protein synthesis revealed that preconditioning both upregulated and downregulated microRNA expression in mouse cortex (Lusardi et al, 2010) . One prominent predicted target of the decreased microRNAs was the global transcriptional regulator, methyl CpG binding protein 2 (MeCP2), which had no prior recognized role in preconditioning or tolerance. Subsequent studies in spontaneously hypertensive rats also observed that multiple microRNAs downregulated after preconditioning are predicted to target MeCP2 mRNAs (Dharap and Vemuganti et al, 2010) . MeCP2 is a potent transcriptional repressor (Nan et al, 1998) and transcriptional activator (Chahrour et al, 2008) . Mutations in the MeCP2 gene cause Rett syndrome (Hite et al, 2009) and several other CNS disorders including mental retardation, Angelman syndrome, and autism (Gonzales and LaSalle, 2010) . Given that repressed gene expression is a feature of tolerance, it was significant that expression of MeCP2 rapidly increased in preconditioned mouse cortex with no correlating changes in mRNA expression and MeCP2 knockout mice showed increased susceptibility to ischemia (Lusardi et al, 2010) , suggesting that MeCP2 may be an effector of preconditioning-induced tolerance. Figure 3 depicts a model for microRNAs in preconditioning-induced tolerance that is consistent with the known features of tolerance; new protein synthesis and repressed gene expression. In this model, the preconditioning stimulus derepresses RISC-bound mRNAs and the newly freed mRNAs are translated. Among the newly synthesized proteins are transcriptional regulators, which translocate into the nucleus and regulate gene expression. The role of MeCP2 in tolerance may be to simultaneously repress nonessential genes to conserve energy in ischemic cells where oxygen and glucose are depleted, and to activate essential genes required for cell survival. Consistent with the transient nature of tolerance, MeCP2 expression returns to normal when spared subsequent ischemic challenge. This model is similar to that for N-methyl-D-aspartic aciddependent learning and memory (Figure 2 ; Banerjee et al, 2009) , and supports that microRNAs are effectors of rapid, transient translation of synaptic proteins in response to neuronal stimuli. These models also support that the nature of the stimulus dictates the phenotype of the response, as shown for distinct preconditioning paradigms (Stenzel-Poore et al, 2007) .
MicroRNAs in Neurodegeneration
Recent reviews underscore the roles for microRNAs in neurodegenerative disorders (Barbato et al, 2009; Eacker et al, 2009; Weinberg and Wood, 2009; Yelamanchili and Fox, 2009 ). Here, we present an overview of studies suggesting microRNAs as effectors in the processes underlying four specific neurodegenerative diseases, which hold promise for new approaches for the treatment or prevention of these neurological disorders.
MicroRNAs in Alzheimer's Disease
Alzheimer's disease (AD) is an incurable, degenerative, and terminal condition, and is the most common form of dementia. The majority of AD cases are sporadic (not genetically inherited), yet some genes may act as risk factors, and studies implicate a role for microRNAs in sporadic AD (Maes et al, 2009) and frontotemporal lobar degeneration (Rademakers and Rovelet-Lecrux, 2009 ). Generation of the amyloid-b peptides that aggregate in the brain of AD patients requires two sequential cleavages of amyloid precursor protein (APP), the first of which requires b-site of APP cleaving enzyme (BACE1). The finding that microRNAs in the miR-29 gene cluster (miR-9, miR-29a, and miR-29b-1) can regulate BACE1 expression in vitro is consistent with significantly decreased expression of miR-29a and miR-29b-1 in AD patients with abnormally high levels of BACE1, and suggests that loss of specific microRNAs contributes to increased BACE1 and amyloid-b levels in sporadic AD (Hebert et al, 2008) . However, human genetic studies of microRNA-binding sites within the APP or BACE1 3 0 -UTRs, or microRNAs in the miR-29 gene cluster, did not support a major contribution of microRNA genetic variability in AD (Bettens et al, 2009 ). Expression of microRNAs in the miR-20a family (miR-20a, miR-17-5p , and miR-106b) reveal a tight correlation with APP expression during brain development and in differentiating neurons, and sporadic AD patients have a significant decrease in miR-106b expression . In addition, miR-107 that is predicted to target the BACE1 3 0 -UTR at multiple sites is significantly decreased in patients with the earliest stages of pathology (Wang et al, 2008b) . The further finding that BACE1 mRNA levels increase as miR-107 levels decrease in the progression of AD suggests that miR-107 may be involved in accelerated disease progression through the regulation of BACE1 (Wang et al, 2008b) .
Increased expression of BACE protein, but not mRNA, is seen in the brain by postmortem analyses of AD patients and in a mouse model of AD. The BACE1 mRNA 3 0 -UTR contains predicted binding sites for miR-298 and miR-328, and in vitro studies confirm the regulation of BACE1 protein expression by these microRNAs (Boissonneault et al, 2009) . Further studies in AD brain revealed that increased expression of miR-146a correlates with decreased expression of the predicted mRNA target, complement factor H, an important repressor of brain inflammatory responses (Lukiw et al, 2008) . Increased expression of miR-9, miR-125b, and miR-146a in AD brain is correlated with neuropathological changes (Sethi and Lukiw, 2009) . Together, these studies suggest that microRNAs contribute to BACE1 and APP expression, and warrant further studies to examine the role of microRNAs in AD pathogenesis.
MicroRNAs in Huntington Disease
Huntington disease (HD) is a dominantly inherited neurodegenerative disorder that is incurable and ultimately fatal (Johnson et al, 2008) . The transcription factor REST silences neuronal gene expression in nonneuronal cells, and REST is sequestered in the cytoplasm in part through binding to the Huntingtin protein. However, Huntingtin proteins that contain polyglutamine expansions cannot bind to REST, which frees REST to translocate to the nucleus where it represses neuronal gene expression. Recent studies revealed dysregulated expression of several neuronal-specific microRNAs in mouse models of HD and in human HD that likely result from REST repression (Johnson et al, 2008) . The loss of microRNA expression correlates with increased expression of several mRNA targets, supporting that HD reflects a loss of neuronal identity caused in part by dysregulation of both transcriptional and posttranscriptional gene expression (Johnson et al, 2008) . Further studies show that expression of several microRNAs with upstream REST-binding sites are decreased in human HD, including the brain-enriched miR-9/miR-9*, which target REST and CoREST, respectively, suggesting that bifunctional microRNAs serve as effectors of a double-negative feedback loop between the REST-silencing complex and the microRNAs that it regulates (Packer et al, 2008) .
MicroRNAs in Parkinson Disease
There is also evidence for a role of microRNAs in Parkinson disease (PD), a neurodegenerative disorder caused by environmental and genetic factors. For example, miR-133b is specifically expressed in midbrain dopaminergic neurons and regulates the maturation and function of midbrain dopaminergic neurons, but miR-133b is deficient in patients with PD (Kim et al, 2007) . In addition, fibroblast growth factor 20 is a risk factor for PD, and genetic analysis of single-nucleotide polymorphisms within the fibroblast growth factor 20 gene revealed association from a risk allele (rs12720208) in the 3 0 -UTR (Wang et al, 2008a) . Functional assays showed that rs12720208 disrupts a binding site for miR-433 that leads to increased expression of fibroblast growth factor 20 and subsequent increases in a-synuclein expression that can cause PD (Wang et al, 2008a) . Further, miR-7 that is expressed mainly in neurons binds to the a-synuclein mRNA 3 0 -UTR to repress protein expression, which protects cells against oxidative stress (Junn et al, 2009 ). Studies in the MPTP neurotoxin model of PD also suggest that decreased expression of miR-7 results in increased expression of a-synuclein (Junn et al, 2009) .
MicroRNAs in Prion Diseases
Prion diseases are fatal, degenerative diseases, and include Creutzfeldt-Jakob disease in humans, bovine spongiform encephalopathy in cattle, and Scrapie in sheep and goats. Studies suggest that microRNA expression might provide a potential marker for prion diseases in animals and humans. For example, the expression of 15 microRNAs was dysregulated in mouse brains infected with mouse-adapted scrapie (Saba et al, 2008) . Of these, miR-342-3p, miR-320, let-7b, miR-328, miR-128, miR-139-5p, and miR-146a showed > 2.5-fold upregulation, whereas miR-338-3p and miR-337-3p showed > 2.5-fold downregulation. Prediction analysis revealed many mRNA targets, including 119 mRNAs dysregulated in mouse scrapie (Saba et al, 2008) . In addition, studies in a monkey model of Creutzfeldt-Jakob disease revealed a significant upregulation of miR-342-3p, consistent with upregulation of miR-342-3p in brain samples from humans with sporadic Creutzfeldt-Jakob disease (Montag et al, 2009 ).
Concluding Remarks
Cell biology and consequently, biomedical research, has undergone a paradigm shift in the short time since the discovery of small noncoding RNAs. As we have moved away from the notion that 95% of the genome is 'junk DNA,' it is gratifying and daunting to discover that the genome is teeming with information, and gives rise to effectors both large and small that together form complex interactions which underlie life. Genetic variations in microRNAs and/ or their mRNA targets which disrupt their interaction will likely emerge as the underlying cause of numerous human diseases and disorders. The important discovery of Piwi-interacting RNAs and endogenous siRNAs, which protect the genome from external threats and thus maintain the integrity of the genome, has cemented the idea that no area of cellular function will be left untouched by small RNAs. The implications for these tiny molecules in all aspects of cellular development and homeostasis present major challenges in terms of both technology development and bioinformatic analysis. That new small RNA families are still being discovered underscores the major challenges that lie ahead in deciphering the functions regulated by these effectors and in constructing interpretable data networks, which represent both individual and cooperative effects of small RNAs on cellular function, an undertaking of great significance.
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